Abstract: In this study, energy and exergy analysis are applied to the experimental data of an internal combustion engine operating on the conventional Otto cycle. The data are collected using an engine test unit which enables accurate measurements of fuel flow rate, combustion air flow rate, engine load, engine speed and all the relevant temperatures. Energy and exergy efficiencies are calculated for different engine speeds and compared. Results indicate that energy efficiency is maximum at a speed of 2040 rpm whereas exergy efficiency is maximum at a speed of 2580 rpm.
Introduction
An exergy-based performance analysis is the performance analysis of a system based on the second law of thermodynamics that overcomes the limit of an energy-based analysis. Exergy is defined as the maximum theoretical useful work obtained as a system interacts with an equilibrium state. Exergy is generally not conserved as energy but destroyed in the system. Exergy destruction is a measure of irreversibility that is the source of performance loss. Therefore, an exergy analysis assessing the magnitude of exergy destruction identifies the location, the magnitude and the source of thermodynamic inefficiencies in a thermal system. This provides useful information to improve the overall efficiency and cost effectiveness of a system and/or comparing the performance of the two systems.
Recent studies (Dunbar and Lior, 1994; Dunbar et al., 1992) show that almost a third of the energy of a fossil fuel is destroyed during the combustion process in power generation. This has caused a renewed interest in exergy analyses, since effective management and optimisation of thermal systems is emerging as a major modern technical problem (Bejan et al., 1996) . The equations for the second law analysis of a thermodynamic system are presented and discussed thoroughly (Dunbar et al., 1992) and are used to analyse the operation of power plants (Dunbar et al., 1991; Kopac, 2000; Lazzaretto and Tsatsaronis, 1999; Toffolo and Lazzaretto, 2002) . For internal combustion engines, early work Primus et al., 1984) on the evaluation of the global engine operation using secondlaw techniques was followed by detailed energy and exergy destroyed calculations during the diesel engine cycle Rakopoulos, 1993; Rakopoulos and Kyritsis, 2001 ). Second-law arguments have been used to evaluate novel engine concepts , to investigate the effect of the operating parameters on efficiency (Kopac et al., 2001; Rakopoulos et al., 1993) , and more recently, to reveal interesting aspects of the transient engine operation (Rakopoulos and Giakoumis, 1997) . The overall energy and exergy balance during an engine cycle are studied analytically (Beratta and Keck, 1983; Bedran and Beratta, 1985) . The exergy analysis has been used on a general system in Dincer (2000) , Gogus and Ataer (1999) , Gogus et al. (2002) , OzdogÏ an and Arikol (1995) and Stapleton (2001) .
The objective of this study is to determine the optimum speed of an Otto cycle engine using combined energy and exergy analysis.
Theory
A schematic control volume for an open system is shown in Figure 1 . Energy, entropy and exergy balances for such a system under transient conditions are given by Equations (1), (2) and (3). Energy balance:
Entropy balance:
Exergy balance:
e in Equation (3) is flow exergy per unit mass and is defined as follows:
where e tm ve e ch are thermomechanical and chemical exergy, respectively. Thermomechanical exergy is defined as follow (C Ë engel and Boles, 1998; Kotas, 1985) :
where h and s are flow enthalpy and flow entropy per unit mass at the relevant temperature and pressure. Assuming the ideal solution assumption is valid, the specific chemical exergy for a multicomponent stream can be calculated as follows:
where y i is the mole fraction of component i in the mixture and (" e ch ) i is its specific chemical exergy. 
The definition of environment adopted in this study is shown in Table 1 (Kotas, 1995) . Figure 2 . The experimental set up enabled accurate measurements of fuel, combustion air, cooling water flow rates of gas calorimeter, engine load and speed and inlet and outlet temperatures for each stream. Experimental results for different engine speeds between 990 and 3480 rpm are summarised in Table 2 . where H u is the lower heating value and m f is the mass flow rate of fuel, respectively. Effective power of engine, N e is x e 3 ( 10 where 3 and ( are angular velocity and torque, respectively. The angular velocity is related to rpm according to
and torque is determined by Cussons Automotive (1993).
( 0X286 vY 12 Table 2 Experimental results where L is the measured engine load. Combining Equations (11) and (12), the effective power of the engine can be expressed as follows:
then specific fuel consumption, b e is e m f x e X 14
Total exhaust heat, e The heat content of the exhaust gas in the system can be expressed as the sum of three constituent parts:
1 heat loss between the exhaust manifold and the exhaust gas heat exchanger 2 heat extracted in the exhaust gas heat exchanger 3 residual heat in the gases leaving the exhaust gas heat exchanger.
The overall heat in the exhaust gases expressed as a rate of energy flow is given by: e m g pg eI À eP I m g pg eP À eQ P m g pg eQ À Q Y 15
where: m g mass flow rate of exhaust gas; c pg specific heat of exhaust gas; m gw mass flow rate of water; c pw specific heat of water; T e1 exhaust gas temperature at engine; T e2 exhaust gas temperature at inlet to calorimeter; T e3 exhaust gas temperature at outlet from calorimeter; T w1 cooling water inlet temperature; T w2 cooling water outlet temperature; T a ambient air temperature.
Taking a heat balance of the exhaust gas calorimeter neglecting losses: 
Results and discussion
The numerical values given in Table 2 Figure 5 Breakdown of exergy Figure 6 Energy efficiency, exergy efficiency and breakdown of exergy destroyed versus engine speed Analysis of Figures 3 and 4 reveals that as the effective power delivered by the engine increases with speed, the amount of fuel consumed per unit of energy produced to goes through a minimum. For two different engine speeds, namely 2040 and 2580 rpm, specific fuel consumption is almost the same (338 and 340 g/kWh). Energy efficiency is also a maximum (25.00 and 24.63%) for these speeds. In fact, energy efficiency as a function of engine speed can be deduced from specific fuel consumption as a function of engine speed; where the former exhibits a maximum, the latter goes through a minimum. As far as the energy analysis is concerned, there is no significant difference between 2040 and 2580 rpm as the optimum speed, but the exergy analysis clearly indicates that 2580 rpm is the optimum since it is associated with a higher exergy efficiency.
There are different sources of irreversibility (or destruction of exergy) associated with the operation of an internal combustion engine, combustion itself being a major source. Exergy destruction due to combustion depends on temperature, pressure and air to fuel ratio (Caton, 2000) .
In this study, the ratio of the mass of air to the mass of fuel (AF) increases up to an engine speed of 2580 rpm and it decreases after this speed. The ratio of the exergy destruction or irreversibility decreases with an increase in the mass of air to the mass of fuel ratio (AF) for a combustion process. Other sources of irreversibility, such as friction and heat transfer across a temperature difference, are also expected to increase with an increase in engine speed. The observation of a minimum in exergy destruction is due to the fact that the exergy content of the exhaust heat also increases with engine speed. Hence 2580 rpm should be considered as the true optimum, provided that exhaust recovery devices may be employed to utilise the exergy of hot exhaust gases.
Conclusions
This study presents both experimental measurements and analytical modelling based on energy and exergy analyses for an internal combustion engine operating on the conventional Otto cycle. The experimental data were collected for fuel flow rate, combustion air flow rate, engine load, engine speed and all the relevant temperatures in an engine test unit. Energy and exergy efficiencies are calculated for different engine speeds and compared. Determination of the optimum engine speed should not be based on energy analysis alone. The results of this study reveal that a combined energy and exergy analysis provides a much better and more realistic answer. 
